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"MARS 3.": INFRARED TEMPERATURES AND THERMAL
PROPERTIES OF THE PLANET'S SURFACE

V. I. Moroz, L. V. Ksanfomaliti, G. N. Krasovskiy,
V. D. Davydov, N. A. Parfent'iYev,V. S. Zhegulev,

and G. F. Filippov

1. Introduction

The brightness of Mars in the wavelength region X > 5 is determined by the /4*

thermal radiation of the surface. Using the brightness of Mars in the infrared

region of the spectrum, it is possible to estimate the temperature of the upper-

most ground layer and to obtain data on its thermal properties and, indirectly

on its structure.

By telescopes on Earth, Mars was observed with this purpose in mind in the

8-14 p range, in which the Earth's atmosphere is -Z et transparent [1-5].
Sinton, as a result of analysis of measurements carried out with the 5-meter

reflector of the Mount Palomar Observatory during the opposition of 1954,

obtained the first estimates of the thermal inertia of Martian soil .as

a whole [4]. In a number of works attempts have been Made to refine these

estimates by performing detailed calculations on thermal models. However, to

achieve further significant progress it was necessary to improve the quality

of the initial observation material considerably.

It is the -itt difficult to overcome the limitations of spatial resolution.

The observations of Sinton and Strong were carried out with a 1.5" diaphragm

at an angular diameter of Mars of around 25"; this corresponds to 400 kilometers

on the planet's surface (in the center of the disc). Atmospheric vibration can

double this value and so it is impossible to improve spatial resolution noticeably

when making observations from Earth. It should be noted that making these

observations from balloon-mounted telescopes or from orbit around Earth would

be of no help in this respect because the diffraction limit of a metric tele-

scope at 10 p is around 2". At the moment there are no telescopes with larger

*Numbers in the margin indicate pagination in the foreign text.
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diameters on stratospheric or space platforms. A radical solution to the

problem is obtained by placing an infrared radiometer on board an unmanned

space station which operates in the immediate vicinity of the planet. The first

attempt of this type, which was undertaken by the fly-by space stations Mariner /5

6 and 7 in 1969, made it possible to obtain basically new results [9]. Arti-

ficial satellites of Mars considerably broaden the possibility of experimentation,

and all three of the first orbital stations near Mars, the Soviet Mars-2 and

Mars-3, and the American Mariner-9 had among their scientific equipment infrared

radiometers with which to measure the intensity of the planet's thermal radiation

[10,11]. In the following we will give a brief description of the instrument

mounted aboard the Soviet artificial satellites of Mars, the measurement method

used, and the results obtained by Mars-3.

2. Infrared Radiometer

An optical diagram of the radiometer is presented in Figure 1. The flux of

infrared radiation from the planet passes through diaphragm D (with an aperture

- of 13 cm2 ), is eflected by diagonal mirror R, and is focused by a segment of

the off-axis parabolic mirror R2 in the plane of diaphragm D3 . The diameter of

the diaphragm aperture is 1.2 mm; this corresponds to an angular field of vision

of around 0.025 rad. A symetrically arranged second channel (mirror R3 - diaphragm

D2) isolates the same field, which is turned toward outerspace. The foci of

both parabolas coincide. Modulator M is an opaque disc which vibrates at a

frequency of 16 Hz and covers each of the channels in turn; this leads to the

appearance of a variable component in the current which reaches the receiver.

The indium antimonide filter mounted behind diaphragm D3 cuts off the shortwave

portion of.the radiation with a wavelength of less than 8 1j. The receiver R is

a low-resistance nick(l bolometer with a threshold sensitivity of around 10- 9

K -1/2
Watt- Hz

Calibration disc K is periodically lat intervals of 36 seconds and 4 seconds)

introduced into the channel and is directed at the planet to check the stability

of the instrument's sensitivity while it is making measurements. The thermal /6

conditions of the radiometer are monitored by 2 thermistors, one of which is

fastened to disc K, and the second to the bolometer mount. An optical diagram

with two off-axis parabolas and an opaque modulator was used earlier in
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measurement of the infrared temperature of the Earth's surface from the

,Kosmos-149" satellite [12] and was suggested for use as the Martian radiometer

by A. M. Kasatkin.

A functional diagram of the instrument's electronic component is shown in

Figure 2. The low output resistance of the bolometer is matched to the circuit

by using a low-noise transformerless preamplifier PU. From narrow-band filter

UPF the signal moves to terminal amplifier OU, and from the latter to synchronous

doubler SU. The signal, which is proportional to the input current, then moves

to the telemetry.

Control generator ZG generates a pulsed voltage with a frequency of 32 Hz.

Beyond frequency divider DC)the signal moves to modulator unit UM and reference

voltage generator GON which feeds the synchronus doubler SU.

The total amplification of the channel is around 107 . The noise brought to

the 30 Ohm input is 10- 9 volts at an output circuit time constant of around 0.5

sec. A more detailed electrical diagram of the instruments is given in [13].

The infrared radiometer is a small, economical instrument. Its full weight

is 1.20 kg, and its feeder circuit consumption does not exceed 290 EA--.

A diagram of the radiometer's directivity was investigated by using a

radiation source set up at a distance of 25 meters from the instrument and

shifted in two mutually perpendicular directions. The diameter of the radiation

source was 80 mm. The results of the measurements are presented in Figure 3.

The width of the diagram at a level of 0.5 from the maximum is 0.025 to 0.030

rad (the diagram exhibits deviations from the central symmetry of the order /7

of 20%). At a distance of 1500 km from the surface of the planet, this corre-

sponds to linear dimensions of 40 to 45 kilometers. The "wings" of the diagram

were measured to a level of 2% of the maximum. The directivity diagram was

investigated by using a laboratory model of a radiometer completely identical

to the instruments set up on board the spacecraft. The time constant of the

instrument was approximately 1 second.

In Figure 4 we have presented the spectral characteristics of a typical

model of an indium antimonide filter which was used in the radiometers. Un-

fortunately, it was not possible to investigate the spectral characteristics
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of the instrument as a whole. It may differ from the spectral characteristics

- of the filter owing mainly to the selectivity of the absorption coefficient of

the black covering the bolometric disc. A considerable drop in the absorption

coefficient is to be expected in the wavelength range exceeding 40 v, 'although

it can take place on shorter waves as well. The mirror optics of the radiometer

has an aluminum coating, the reflection coefficient of which is practically in- ]

dependent of the wavelength over the entire infrared region of the spectrum.

Laboratory calibration on the brightness temperature was carried out using

two identical conic models of an absolutely black body (abb) set up in front

of each channel. The abb in front of the "Kosmos" channel was cooled by liquid

nitrogen to a temperature of around 1000 K, and the temperature of the second

abb varied between 120 and 3000 K. In Figure 5 curve a is the laboratory

calibration curve for the radiometer mounted on "Mars-3". The temperatures

of the abb for the "planet" channel are plotted on the X-axis. Curve b is the

theoretical calibration curve calculated on the assumption that the spectral

characteristics of the radiometer are determined mainly by the filter (Figure 4,

broken line). Curves a and b agree sufficiently well in the area of relatively

high temperatures (250 to 3000 K) but diverge noticeably in the range of the /8

lower temperatures (the calculated curve is higher than the measured one).

This is explained most easily by lowering of the .black absorption coefficient

- as wavelength increases.

The relative error in measuring the current for the "Mars-3" radiometer

together with the telemetry system ranges from ±2-3% for intensity temperatures

of 250 to 2700 K. This value was estimated directly from the results of the

measurements. The error of ±2% in the flow corresponds to an error of ±1.50 in

the brightness temperature at T = 2500 K. The lower limit of the brightness

temperatures recorded by the "Mars-3" radiometer was around 1600 K. Under

laboratory conditions the sensitivity threshold was approximately 1450 K, but

on board it was not reached because of the fact that the instruments' temperature

was too low, and this caused a twofold lowering of sensitivity in comparison to

the sensitivity measured in the laboratory. The electrical noise at the

instrument output was so small that it was not recorded by the telemetry system.
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The infrared radiometer, like the other instruments in the astrophysical

complex [14, 15], was firmly attached to the body of the unmanned space station,

and its orientation in a constant direction was ensured by the general system

of solar-stellar orientation. When the spacecraft approached the pericenter of

its orbit, the instruments were switched on by a special optical sensor several

minutes before crossing the limb. The optic axes usually intersected the planet

along a line which was close to a great circle, and the transition from limb

to limb took about 30 minutes. We will henceforth call the path of the optical
axis on the surface of the planet the measurement path according to a preliminary

- estimate; (the precision with which the measurement path was determined was 1

to 2 degrees in the aerographic coordinates. The position of the "Mars-3"

measurement paths on the planet's surface is shown in Figure 6.

The distance at the pericenter on the surface of Mars varied somewhat with

the evolution of the orbit, ranging over the period in question from approximately /9

1500 to 1000 kilometers. The first two passes, on 15 and 17 December 1971, took

place during a dust storm, the third (9 January) was evidently not yet free

from the effect of the storm, and the others (3, 16, and 28 February, 12 March)

took place after the dust storm was over. In December, January, and February,
the measurement path which corresponded to the successive data of the pass around

Mars, varied relative to one another by approximately 90' in longitude. As a

result, considerable portions of the February paths ran near the measurement

paths of December and 9 January, and we have measurements for the same areas

of Mars which were obtained during the storm (or, more precisely, during its

last stages) and after the storm. For a variety of reasons, we have not yet

succeeded in reliably relating the 12 March path to the surface to a sufficient

extent, and its position as indicated in Figure 6 should be regarded as a

tentative one.

3. Determining the Brightness Temperature of the Planet Tb

The laboratory calibration curve can be used to calculate the brightness

-temperatures of Mars if it is assumed that a given output signal value corresponds

-to a known brightness temperature. For the purposes of the experiment, it was

proposed to use the calibration disc as an intermediate standard. However,
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analysis of the results showed that the brightness temperatures of the planet

obtained by this method are consistently lower than that obtained by observation

from-'Earth and by "Mariner" in 1969.

At first it was difficult to calculate the magnitude of the error since,

during the first passes of "Mars-3", there was on the planet a dust storm which

lowered the temperature of the surface somewhat in comparison to the normal

conditions on the planet. After the dust storm was over, it became clear that

there remained a consistent difference (12 to 150) between the brightness /10

temperatures of "Mars-3" and previous observations. The probable cause is that

solid angle w within which radiation from the calibration disc is received is

greater than the angle for planetary radiation Q. If there occurs a difference

in temperature between the .disc and the planetary channel tube, then a consistent

error in the brightness temperature of the planet occurs which is opposite in

sign and equals

where ATo is the difference in the brightness temperature of the calibration

disc in the part of the tube covered when the disc is introduced into the

optical path. The temperature of the calibration disc was.consistently 4 to 60

higher than the temperature of the bolojimeter mounting. If the latter is equal

to the.temperature of the tube, then there should be a consistent error near

the value indicated above.

A constant correction of +120 was adopted for the brightness temperature

of the calibration disc. The value of this correction provides the best agreement

with the terrestrial [3, 4] and Mariner (II) results for the equatorial regions

at noon after a correction is made for atmospheric absorption (see below).

During the observation period the measured temperature of the calibration

disc ranged from 253 to 2600 K. During each half-hour observation session, it

remained constant within the measurement error limits (+20). The sensitivity

of the radiometer remained constant within the limits of 30% from session to

session and 10% during each session (a 10% increase in the calibration disc

reading usually took place within the first 10 to 15 minutes). These values
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are correct if the radiometer sensitivity is proportional to the calibration

disc readings. A necessary condition is consistency of difference AT . Other- /11

wise systematic or continuously variable errors may occur. It is impossible to

evaluate their magnitude reliably. We believe that they are within the limits

of +7% relative to the flux (+5 at a brightness temperature of 2500 K).

4. Correction for Atmospheric Absorption and Radiation

The basic component of the Martian atmosphere is carbon dioxide. In the

range of the basic CO2 band of 15 p, the .gas absorbs the radiation of the surface,
and here in an area of a width of AX--2 p, we adopt the radiation from the
atmosphere determined by its temperature at the level So = i. This temperature

may be either below or above the surface temperature, and accordingly the

spectrum of the planet will have an absorption or an emission band. Both types

of spectra were recorded by the infrared spectrometer on Mariner-9 [16].

Among the other components in the Martian atmosphere, CO and H20 have

infrared bands, but their content is very small and their role in planetary

radiation negligible.

Rigorous allowance for the atmospheric contribution to the outgoing flux

requires knowledge of the vertical temperature distribution at every point at

which measurements were made. However, the estimates made on the basis of the

Martian spectra, both measured [16] and calculated [17], have shown that the

contribution of the atmosphere to the outgoing flux is within the limits of

approximately 10% of its total value. Therefore, a correction for the atmosphere

has been introduced as an approximation. The correction was calculated according

to the formula --- -- -
KF.-F -_ ___ _____

F - (2)

where F is the flux which the radiometer receives from the planet and Fo is the

flux emitted by the surface within the range of the radiometer sensitivity;

W is a constant, which equals the width of a 15 p band under certain average /12

conditions; we have taken W = 2.25 1;

p is the cosine of the zenith distance of Mars-3 at the point observed;

T1 is the brightness temperature of the surface;

T2 is the brightness temperature of the atmosphere (see below);
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B(T) is the monochromatic brightness of an absolutely black body at a

wavelength X of 15 microns;

Z is the relative portion of the total radiation flux of an absolutely
x

black body in the wavelength range X<x;

a is the relationship of the sensitivity in the spectral range of 28-45 P

to the sensitivity in the 8-28 p range; a was takenlas equal to 0.6 in accordance

with the ideal spectral transmission curve of the filter (Figure 4).

The least-known quantity is T2, i.e., the brightness temperature of the

atmosphere in the 15 p band. In reality it changes sharply within the limits

of the band. We set

F (3)

where TI is the average daily temperature of the surface at a given] latitude.

Formula (3) presupposes that the temperature at the base of the atmosphere is

equal to T1, and that T2 is equal to the effective temperature of a gray,

optically thin atmosphere in thermal equilibrium with the surface and outerspace.

Both propositions are extremely conditional, espec'lly the latter. Quantity

T1 is calculated from

, .... . (4)

where E0 is the solar constant, r is the radius vector of Mars, A is the albedo,

1- Ois the average daily value of the cosine of the sun's zenith distancej] at

the assigned value of latitude P and areocentric solar declination 6. Value

A = 0.25 was adopted. The stratospheric temperatures T2 calculated by this

method were around 2000 K for the low latitudes, and this corresponds closely /13

to the experimental results for the 0.3 mb level obtained by Mariner-9 [16].

In Section 7 the brightness temperature curves and curves in which allowance

has been made for the atmosphere by using the correction calculated according

to formula (2) are given for one of the measurement sessions (15 December; see

Figure 9). It is evident from the agreement of these curves that the correction

is in fact within the limits of 10%. The correction is positive during the

daytime and negative at night. In the zone +Ih from the terminator, the

correction was negligibly small.
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We have taken into account the contribution only of the gaseous component

of the atmosphere. The aerosol components can make a noticeable contribution

during a dust storm. The optical thickness of the dust during the December

measurements in the region X>8 micron was certainly small, but a value for it

of the order of 0.1 is certainly possibly.

5. Determination of the Kinetic Temperature of the Martian Soil

The kinetic and brightness temperatures are associated by the relation

where B is Planck's function,

S is the spectral characteristic of the instrument, and

EX is the emissivity.

Usually one makes use of the concept of average emissivity

-1&U-)S cYA I (6)

When S = const, a simple relationship is valid

from which we derive

7 T (7)

In the case of such a wide spectral characteristic, such as that of our /14

radiometer, this relationship should be in effect satisfied. In this process an

error in c of even 10% gives a total error in temperature of 2.5%. Evaluation

of the average emissivity of natural silicate materials can be made on the basis

of data of measurement of their reflectivity in the infrared range [18,19].

The measurement results available to us refer only to the A<25 range, but this

should not cause great indefiniteness, since in this range more than 65% of all

energy is emitted at T> 2000 K. Since, as the results of radiometric observations

(both these and others published earlier) have shown, the structure of the soil

is mainly fine-grained, one can hardly expect considerable increase in the re-

flection coefficient in the individual spectral ranges due to the effects of

residual rays. Using the results of the laboratory measurements indicated above

as a basis, we have adopted

C = 0,9. (8)
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In [9] it was found that the best internal agreement of the Mariner measurements

in the 10 and 20 p ranges occurred at

= 0e88 + 0,03 (9)

for 20 p if we take the estimate of (8) for 10 p. This indicates that the

dependence of the radiation coefficient on the wavelength in the spectral range

with which we are concerned is relatively small.

The radiation coefficient of real bodies depends on the direction. Pettit

and Nicholsen have investigated this relationship for the Moon (see Figure 7,
[20]). This relationship can be presented in the form

where q = 0.25. According to [9], q = 0.1 for Mars, and this has been adopted

in this work. In the majority of the points observed, this correction is

negligibly small (of the order of 1%), but near the limb and the terminator,

it may be considerable (up to 10% relative to the flux). /15

6. Thermal Models

Surface temperature rs is determined by a balance of four processes:

1. absorption of solar radiation,

2. surface emission,

3. heating and cooling of the soil due to thermal conductivity,

4. heat exchange with the atmosphere.

If one disregards process (4), the equation of thermal balance may be written

in the form

....f . (10)

where E is illumination; by day E 2 MO, by night E = 0; the flux in the soil

K is the thermal conductivity coefficient; z is a coordinate read vertically

down from the surface.

Flux F is determined by thermal conductivity

1 0(12)
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where c is the specific heat per unit mass, and p is the density. Equation (10)

serves as the boundary condition for equation (12). Wesselink [21] and Jaeger

[22, 23] examined the solution of the latter as it applied to the surface of

the Moon and the planets. Wesselink [21] has shown that the time:dependence

is determined unambiguously by three parameters: Eg,4( 9=wc2 i

The latter quantity may be termed thermal inertia. The greater is I, the higher

are the nighttime temperatures and the greater is the lag of the daytime

temperature maximum of the surface behind noon maximum E. In this process the

penetration depth of the first harmonic of the thermal wave is /16

P > (13)

where P is the rotation period; at depth 1 the amplitude of the first harmonic

of the temperature fluctuations damps e times. For terrestrial eruptive rocks
-2 -1/2 . -lI = 0.05, and for fine dust in a vacuum around 0.001 cal * cm sec deg

For each measurement path of Mars-3, theoretical temperatures were calculated

at the following albedo and thermal inertia:

A = 0.15; 0.25

I = (kpc)1/ 2 = 0.004; 0.006; 0.008 cal . cm 2  sec-1/2 * deg - 1

The calculation was made by the Laplace transform method with the day divided

into 20 intervals and by use of the coefficient given in the paper by Jaeger

[23]. The emissivity chosen was E = 0.9. The results of calculation for

9 January 1972 are given as an example in Figure 7. A thermal chart of the

planet within the latitude limits of ±600 was calculated for each date, and the

data for the path were taken from the chart. In a number of cases further

processing required extrapolation and greater albedo values. This extrapolation

for daytime was performed by multiplying the flows obtained at A = 0.25 by the

coefficient (I-A)/0.75, where A is the new albedo value. For several dates

thermal charts were calculated by use of the Wesselink method: the initial

distribution of T(z,0) = const. was assigned, and the value T(z,t) was calculated

for the constantly increasing values of t until the latter became a periodic

function with a precision of 10. The agreement between the two methods is

satisfactory.
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Figure 7 shows how the variations in thermal inertia constant affects the

temperatures. Around mid-day in the former increase lowers the temperature,

and increases it near the evening terminator (and at night). Increase in the

albedo at constant thermal inertia leads to decrease in temperatures at any

time during the rotation of the planet.

On the very same measurement paths other instruments on board Mars-3 j /17

obtained photometric profiles at several wavelengths from 0.37 to 1.4 i [14,
15]. Contrasting these profiles with the brightness temperature makes it

possible, when comparing them with the observational data, to single out the

effects of the albedo and thermal inertia variations along the paths. It

remains for us to consider the possible influence of variations in emissivity,

which cannot be estimated on the basis of the available observational data.

Figure 8 shows that the influence of E on the value of the outgoing flux and

the brightness temperature is very slight. At F = 0 it obviously should not

take place at all. If F is taken into account, as we see, the effect is 1-2'

in daytime. Thus if on the daylight part of the path the brightness temperatures

in 2 adjoining areas differ by 5 to 100, then the cause can only be a difference

in albedo or thermal inertia. In addition, the kinetic temperature in these

two regions may, generally speaking, prove to be the same or, on the other hand,

may vary even more greatly, depending on what is their relative emissivities are.

Leovy [6], Gierash and Goody [24], and Meugebauer et al [9] have discussed

- the role of heat exchange with the atmosphere. In equation (10) in the

last-named paper a constant term equaling 0.01 of the mid-day insolation value

was added as an atmospheric correction. It is probable that in reality the

correction should be larger, and this problem merits further individual exami-

nation. Here we restrict ourselves to two models which do not allow for the

influence of heat exchange with the atmosphere on the surface temperature. We

merely note that taking it into account would increase the value of I found by

comparing the models with observations of the daytime portion of the path. The

estimates of I for the nighttime regions, on the other hand, would be decreased.

A radiometric albedo of 0.25 was chosen as being near the spherical integral /18

albedo of the planet (0.26 according to [25] and 0,25 according to [26]). It
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is assumed that the albedo is characteristic on the average for the light regions.

0.15 is accordingly the typical value for the dark regions. It should be noted

that in fact the radiometric albedo of the local regions is equal to the "plane"

albedo, and not the spherical. The "plane" albedo is the relationshipl of the

radiation flux scattered over a plane area to the flux of parallel rays which

strike it. Its value depends on the angle of incidence. In a series of papers

McCord et al [27-31] have presented the results of spectral electrophotometric

study made on Earth of the dark and light regions on Mars. From these obser-

vations it is also impossible to obtain the necessary value of the "plane"

albedo; they give only the normal albedo (the normal brightness coefficient).

For a Lambert surface, however, the spherical, plane, and normal albedos are

equal to each other, and, since in the region of A>0.8 P the photometric

properties of the surface of Mars approach those required by Lambert's law, it

is possible to use the values of the normal albedo instead of the "plane" one.

The region of X>0.8 p gives a contributes approximately 60% to the integral

albedo.

It must be noted that in the article by McCord et al [27-31], no clear

distinction is made between the concepts of normal and geometric albedos. The

A = 0.40 chosen for the light regions in the work of Neugebauer et al [9] was

an overestimate for this very reason. The authors [9] multiplied the supposedly

"geometric" albedo of McCord by the phase integral (approximately 1.5 for the

region of X>0.8 1), but it is not necessary to do so because this is not a

geometric albedo. When going from a normal albedo to a geometric one, it is

necessary to take into account the darkening which takes place towards the

edges, but this was not done (see [30]).

7. Measurements Results and Analysis of Results /19

Figures 9-14 show the results of measurements for 6 Mars-3 observation

sessions, from 15 December 1971 to 28 February 1972. The heavy continuous line

is the initial radiometer signal as a function of Moscow time t . The signal

was proportional to the flux of radiation to the bolometer (scale on the right)

with a correction which allowed for the contribution by the Martian atmosphere

(see Section 4). On the left are the scales of the brightness temperature and

kinetic temperature of the surface; the procedure for obtaining these temperatures
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was discussed in Sections 3 and 5. The broken line in Figure 9 (15 December

1971) gives the flux without correction for the atmosphere. The continuous

sections of the fine line with the 2 numbers accompanying them are the temperatures

as calculated according to the models (Section 6); the first number gives the

albedo, and the second the parameter of thermal inertia I = (kpc) ./ 2  The

fine continuous line is the photometric profile (brightness in relative units)

along the same path, as measured by the H20 photometer of Mars-3 in the con-

tinuous spectrum channel [32]. They refer to a wavelength of 1.4 p. It is

- well known that the contrast between seas and continents reaches a maximum at

around A = 0.8 p, and as the wavelength is further increased, remains practically

unchanged (see, for instance, [30]), while the heavy solid line reflects a

change in the thermal radiation flux of the planet along the path, and the fine

line similarly shows change in the flux of reflected solar radiation. In

Figure 15 (16 February 1972) the part of the photometric profile in the near

ultraviolet region of the spectrum is indicated by a broken line. This line

indicates the increase in brightness caused by clouds in the high latitudes.

Two vertical hatchmarks show the width of the radiometer directivity

diagram on the tm scale for various moments in time. The directivity diagram

of the H20 photometer is approximately 4 times narrower, and this explains, at

least partially, the wealth of detail on the reflected radiation curve. In /20

principle a correction can be introduced into the observed profile for the final

width of the directivity diagram, but for the moment this has not been done.

It is worthwhile to begin review of the material with the last three passes,

i.e., 3, 16, and 28 February, since they are apparently completely free from the

effects of the dust storm. The first thing which strikes the eye is the negative

correlation of the thermal and solar fluxes in the large (and sometimes even in-

the small) components of both curves.

3 February (Figure 12) is the shortest measurement session; for technical

reasons it was ended long before the second limb of the planet was crossed.1

The sharp drop in the intensity of reflected radiation in the area of the Mare

Cimmerium is accompanied by an increase in thermal radiation. These small

minima in the lower curve (reflected radiation) close to the moments of 16, 17,

and 18 minutes are accompanied by maxima in the upper curve. The temperature
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of the light regions of Eridania and Chersonesus are described well by the models

where A = 0.25 and where I is within the limits of 0.006 to 0.008, and the

temperature of the Mare Cimmerium requires an albedo of 0.15 and I = 0.006.

The general range of surface temperature variations is around 300 for the path

of 3 February: from 2250 K at latitude -530 near midday (Chersonesus) to 2850 K

at latitude -32' on 14 February (Mare Cimmerium). A comparison of these paths

with the photographs of Mars-9 and the Mariner chart of Mars [33] does not show

any agreement between the topographical details and the special characteristics

of the radiometric profile.

The session of 16 February (Figure 13) has been plotted almost completely

(with the exception of the zone of entry onto the limb, where possibly 1 minute

was lost because the instruments took some time to heat up). This path is

located entirely within the daylight part of the planet -- the local solar time

varies within the limits of 1100 to 1430 -- and crosses the planet from south

to north, from latitude -500 to +700. In the zone from -350 to +250, the /21

path crosses the belt of dark areas, namely Iapygia and Syrtis Major (this is

probably the darkest of the Martian seas). The drop in albedo in the region

of the belt of seas is accompanied by an increase in thermal flux. In Syrtis

Major not only a decrease in albedo is required, but also a decrease in the

thermal inertia parameter to 0.004 to provide agreement between the observational

data and the calculated models, and in Iapygia and in the neighboring light

area Noachis, the thermal inertia parameter is nearer 0.008. The surface

temperature in Syrtis Major approaches 2900 K (1400 local time). In the light

region of Meroe an increase in kpc (or albedo) occurs with movement northward.

The temperature drops to the lower limits of the radiometer's sensitivity (1600 K)

near latitudes L - +550 and remains this low up to +700, where the optical axis

of the radiometer crossed the edge of the planet.

The negative correlation between the thermal and reflected fluxes is easily

visible in Iapygia and Syrtis Major (the peaks of the lower curves and the

trough of the upper curve are around 45 and 47.5 minutes). However, it is not

possible to find a corresponding relationship for all the components of the

thermal radiation curve in the reflected radiation curve. We mean by this

troughs 1 and 2. In these areas there are on the Mariner chart embankments of
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rather large craters (see Figure 3 [32]). The fact that their temperature is

lower can be explained by the greater thermal conductivity and the density of

the material in the surface layer of the embankments. In a number of ,cases,

intersection with the craters is accompanied by troughs in the reflected radiation

curve (components a - e) to which peaks of thermal flux correspond (for instance,

b and e). Troughs of the reflected flux can be caused by changes in the albedo

or by slopes. Unfortunately, the limited precision of the chart [33] and

coordination of the paths make agreement between the topographic and the

photometric less than fully certain [32]. /22

The curves of 16 and 28 February are generally similar. There are even

fewer-light regions on the 28th February path, and the temperature drops even

more sharply in the northern latitudes (the 1600 level reaches approximately

L = +450). The maximum temperatures (approximately 2850 K) occur in the Mare

Erythraeum (at 1300). The negative correlation of the thermal and reflected

fluxes can be noted especially well in the region between 54 and 56 minutes

(the northern boundary of the Mare Erythraeum). The trough in the thermal flux

I is not accompanied by any peak in the reflected flux and is not clearly identi-

fied with the topographical details. It can be noted, nevertheless, that

there are many craters near this region of the path (Figure 4 [32]).

The fast drop in temperature in the Mare Acidalium requires higher albedo

values, values which are too large even for the light regions. The ultraviolet

photometric profile on the paths of 16 and 28 February [34] shows a sharp in-

crease in brightness in the area of the sharp temperature drop at the northern

end of the path. This brightness drops off as the wavelength increases and

completely disappears at 1.4 p. It is natural to advance the hypothesis that

this intensity is explained by clouds, the albedo of which drops as the wave-

length increases (this is possible because of the small dimensions of the

particles; see [35]). The photographs of Mariner-9, obtained on dates close to

this (DAS 8407324, 17 February and DAS 9018844, 25 February) do in fact show

clouds in the same regions of Mars where we observed an increase in UV intensity

and a temperature drop. The reflection and absorption of solar radiation in

the clouds could be the reason for the sharper drop in temperature than is

yielded by any of the reasonable models which take into-account only the

properties of the surface.
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It is natural to ask what.source is of thermal radiation in the low

temperature zone in the north: the surface or the clouds themselves? The /23

brightness profile at 1.4 i does not react at all to the appearance of clouds,

and from this one can conclude with considerable confidence that they are

optically thin in this region of the spectrum [35]. If this is true, then their

optical density should be even lower in the range X>8 p, and the measured upper

limits of thermal flux refers to the surface. It is not clear whether a

condensation of CO2 takes place on the surface itself (this occurs at T = 1500 K),

especially if one judges by the 1.4 p profile, which does not show any increase

in intensity here. One can state with considerable confidence that the clouds

which were spoken of earlier are condensation clouds, although the nature of

the condensed material is not fully clear; it could be either CO2 or H20; the

latter variant seems to us to be the more likely one [35].

Let us now shift our attention to the December measurement sessions conducted

during the last phase of the tremendous dust stormlin 1971, when clouds obscured

almost the entire surface of the planet for several months. In contrast to

the high latitude clouds, these clouds were decidedly dust clouds rather than

condensation clouds. In order to expalin the thermal radiation profile of

15 December, considerably larger values for the integral albedo, i.e., 0.35 for

the dark regions (Mare Cimmerium) and 0.40 for the light regions at latitudes

south of L = -200, are required. In the equatorial zone an albedo of 0.50 is

required. The albedo of Mars during the dust storm was actually larger than

the albedo of the light regions under normal conditions [32, 36], but the

difference is evidently not as large as would be required to explain the results

obtained. In the 1.4 p range the reflectivity of the continent was altogether

15% greater than on 16 and 28 February [32], and, when the wavelength is reduced,

this increase in intensity observed during the dust storm'dropped [36]. Thus

the integral albedo also could not have increased by more than 15% in relation /24

to its normal value of A = 0.25.

We introduced a correction for atmospheric abosrption for the December passes

by using the standard procedure (see Section 4), which takes into account only

the 15 micron CO2 range. It is obvious that aerosols during the dust storm

could have accounted for the additional decrease, and, at first glance, it
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seems entirely possible to bring the brightness temperatures of the surface

more in line by increasing the correction for the atmosphere. However, this

formally possible alternative can hardly be put into practice in our case. And

in actuality a large, real absorption of solar radiation occurred in the Martian

dust clouds. In addition, their optical density in true abosrption is con-

siderably larger for the solar radiation than for the planetary [14, 35, 37].

Under these circumstances the Martian dust clouds should lead to an actual

drop in temperature and to the appearance of a unique "anti-greenhouse" effect

[14, 35, 37, 38]. During the earlier stages of the dust storm, this effect

was considerably more pronounced, as observations from Earth (in October 1971

[39]) and the Mariner observations (in November [11]) have shown. The drop in

surface temperature was accompanied .by an increase in atmospheric temperature

[40]. The picture of the Martian atmosphere's thermal conditions during the

dust storm in a certain sense is the opposite of the greenhouse effect in the

atmosphere of Venus, and from this there has arisen the temptation to introduce

in this case the term "anti-greenhouse effect". A semi-quantative analysis of

this analysis of this phenomenon is given in the paper by A. F. Ginzburg [38].

If we dispense with the correction for the atmosphere, then the observed

flux is the total outgoing flux from the planet (surface radiation, weakened by

the atmosphere plus the radiation of the atmosphere). This flux is smaller

than is required under the conditions of instantaneous balance with the solar

flux. This must be the case if some portion of solar radiation is trapped by /25

the atmosphere, since its thermal inertia is large [24]. A part of the energy

trapped during the day is emitted again at night, and the brightness temperature

at night should have risen during the dust storm. Unfortunately, our sessions

contained too few night measurements in order to confirm or deny this prediction.

The night portion of the 15 December session does not show any temperature

-- increase, but this could be the result of the superposition of horizontal i

heterogeneities in the properties of the dust clouds (for instance, of an in-

crease in the integral albedo during movement to lower latitudes).

In absolute value the optical width of the dust clouds during the December

sessions could not have been large in the 8 to 40 i wavelength range which is

of interest to us. According to [35] the width whould have been on the order
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of 0.1. This value was obtained by extrapolating from the visible and near-

infrared ranges toward the greater wavelength. The very fact that the form

of the radiometric profile obtained in general is the same as for a planet

devoid of atmosphere, means that the optical thickness of-the latter is small

for thermal radiation. At [Translator's Note: This appears to be T] > 1 the

midday maximum would have been strongly shifted, and a sharp increase in the

amplitude of the daily temperature variations would have occurred.

The atmosphere's transparency for the 8 to 40 v range thus turned out to be

sufficiently great even during the dust storm, or at least during the period of its

peak stage in December. The values of the thermal inertia parameter of 0.006 -

0.008 at higher integral albedo values turned out to be favorable to a formal

interpretation of the thermal flows observed in December. It is difficult to

explain the temperature increase in the Cerberus region near the terminator

as the result of any atmospheric effect. Here an increase in the thermal

inertia of the soil is most likely to-take place. The theoretical temperatures

in the area of the terminator are too insensitive to albedo changes (see Figures /26

7 and 10) to be able to attribute the observed effect to them.

If one shifts one's attention from 15 December to 27 December and 9 January,

the integral albedo values which are necessary for the model representation

of the observation decrease approach normal values (0.15 and 0.25), which are

typical for the February sessions. The radiometric and photometric profiles of

9 January differ very little from the February profile. We note, however, that

in Syrtis Major during the 27th December session the values which are obtained

for thermal inertia (0.006) are twice as large for 16 February (0.004). It

is possible that we are dealing here with the effect of local horizontal

heterogenities in the soil (see Section 8) which can lead to an increase in the

effective value of the thermal inertia during the night in comparison with the

day. Mare Erythraeilm and Margaritifer Sinus in both sessions (27 December and

16 February) were observed by day, and in this case the inertia values obtained

were close.

During the 15 December and 9 January sessions, negative correlation between

the thermal and reflected radiation was observed, and individual deviations
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from this general rule also occurred. As an example of this type of deviation,

it is possible to point out trough I on the thermal profile of 9 January which

agrees with the reflected profile trough. Here the paths cross a large crater

(Figure 4 from [32]).

8. The Thermal Properties and Mechanical Structure of the Martial Soil

The basic characteristics of all of the radiometric profiles examined in

the previous section are represented satisfactorily by the theoretical models

of a homogeneous semi-limitless layer at the parameter value

I = 0.006 + 0.002 cal cm-2 se-1/2 eg-1 (14)

and this agrees well with the results of other authors [4, 7, 8, 9] except for /27

Leovy [6], who found I = 0.0015-0.0024. Leovy used the linearized form of

equation (10), and this is evidently too much of a simplification.

Figure 15 shows the densities of various types of rock according to the

data of work [41] in the function I thermal inertia in a vacuum. The values

obtained for thermal inertia (the straight vertical line A) correspond will

to pumice. The dependency of Io on pressure is neglibibly small for pumice.

But a second variation is possible. If the soil is in a sintered state, one

must recalculate thermal inertia from its Martian pressure of 6 mb to a vacuum,

- during which process the thermal inertia]will be reduced by approximately 3

times, and we obtain thus the value range B which corresponds to sintered

basalt and granite. Thus we shift to two .variations for the Martian soil:

A - a porous nature such as pumice (density 0.85 ± 0.25 T to the centimeter-3),

B - sintered state (density'0.2 ± 2 grams per centimeter-3 ).

It follows that there is sintered material on the surface independently

of other observations (dust storms, dune-type formations, the presence of

changes related to winds, see [42]). Therefore version B seems much more

probable than A.

-2 -1/2
The small distribution of the values I = 0.006 ± 0.002 cal cm sec
-1

-:1e is evidence of the rather high degree of homegenity of the Martian soil,

at least up to scales on the order of several tens of kilometers. There are no

indications of fixed rock types which occupy any area comparable to the radio-

meter's field of view. No signs of endogenic heat were observed at all.
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There are no systematic differences in thermal inertia between seas and

continents (despite the conclusions of Morrison et al [7]). The zone of in-

creased thermal inertia which were pointed out in the previous sections are

apparently associated with several large craters which were crossed by the /28

measurement passes. The compact thermal region of Cerberus, which is characterized]

by an increased value of I, is also relative to a large number of craters. It

is possible that the increase is associated with the larger average size of the

particles on the inclined crater embankments than are found on level surfaces.

If one knows I, it is possible to estimate the thermal conductivity and

the penetation depth of a thermal wave ~ if' P and C are assigned. The

thermal volume per unit of mass C for terrestrial rocks is normally within the
- 1  -1

limits of 0.25-0.22 cal grams deg' [41]. These data refer to the temperature

range of 300 to 5000 K. In the 200 to 3000 K range which is of interest to us,

the thermal volume will be somewhat smaller. We can take as an average value

C - 0.19 + 0.02 cal gl de1 - (15)

For the density of solar type B, we have the value

f = Ia2 .+ ,2 g c3 (16)

It would be very attractive to use the densities obtained according to the

measurements of the planet's radial emission during the same passes using the

Mars-3 radio telescope [43]. In addition to the intensity

on the threecentimeter avelength, the radio telescope..

measured the polarization, whence_ according to

the formulas of Frenel' [Translator's Note: As Transliterated], a dielectrical

constant is obtained which, in turn, is rather strongly associated with density.

However, these results are first not free of errors which are cuased by the

unevenness of the surface, and second, they are related to layers which are

located considerably deeper than the thermal wave penetrates (there are no

daily variations in brightness temperature on the three centimeter wavelength).

Obviously the density values in the surface layer which have been obtained on

the basis of infrared observations (as was done above for thermal inertia) are

more reliable.
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If we accept as an average value I = 0.006 cal * centimeters - 2  sec /29

eg, , then the thermal conductivity

-4 1- -1 -1 -1
=1.06 - 10 cal deg, cm sec (17)

and the penetration depth of the thermal waves

j::=e '$C. (18)

The thermal conductivity of sintered rock depends on the pressure and the particle

size. Laboratory investigations which have been carried out on sintered silicate

materials (see [6, 41]) give the thermal conductivity value we need for a

particle diameter of

d = 0.25 mm

for a pressure of 6 mb. The photometric properties of the surface of Mars in

the visible and near-visible infrared ranges require the use of particles of

considerably smaller dimensions (about 1 p). It is possible that a hierarchic

type of structure occurs: the large particles of grains of sand which are

composed of smaller particles [44]. Table 1 gives, in addition to the average

values above, also extreme values caused by the scattering of I, c and p. We

see that scattering is possible in the thermal conductivity coefficient and in

the average particle size coefficient by approximately 2 times from the average

value and in the penetration depth of the thermal waves by approximately 1.5

times.

The penetration depth of an electrical wave in silicate materials depends

on the actual composition of the material, but, in the range which is of

interest to us, it does not exceed 0.1 millimeters. It is considerably smaller

than the penetration depth of a thermal wave, and the generally accepted

assumption that the surface radiates directly does not raise any doubts.

The hypothesis on silicate composition is affirmed by observations of the

spectra of Mars which were obt'ained by the infrared spectrometer on Mariner-9

during the dust storm [16]. These spectra show bands of absorption which are /30

specially characteristic of silicates. This does not, however, refute the

presence of an admixture of limonite Fe203 H20 which is necessary to explain the

polarimetric observations and the spectro-photometry in the 0.4-3.5 i range

(see for instance [25]).
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TABLE 1. THERMAL PARAMETERS AND PARTICLE DIAMETER
OF THE MARTIAN SOIL

Parameter [ Average Minimum Maximum
-Value Value Value

Thermal Inertia =Hpc T"
cal ode 1 cm 2 see1/2  . 0,006 0,004 0,008

Therinal Volume C
(cal g' ,degl 0,19 0,17 0,21

Density P 2

S(g m-) 1,2 I;0 . 1,4

Thermal Conductivity K,

(cal eg-1 cm 2 sec-1/2) I,6 6,4.0 -5  3,8.0

Penetration Depth of ThermaiJ
wave e, CM 4,4 2,7 6,5

Average Particle j

dimension d, cm 0,0 2 5 O,0I 0,05

Commas indicate decimal points.

The interpretation of our measurements is based on the model of a solar

homogeneous layer which is horizontally and vertically semi-unrestricted.

Possible effects of vertical heterogeneity have been discussed earlier [9].

It was shown that a doubling of the temperature conductivity K below 2

centimeters causes a change in the calculated temperatures ofPnot more than 40,

while the night temperatures change considerably.

The horizontal heterogeneities are apparently much more considerable, and

it is considerably more difficult to evaluate their role quantitatively.

Heterogeneities on a large (in comparison to the field of view) and a small /31
scale should have different effects. The former can cause either an apparent

decrease in I or increase depending on which part of the radiometric profile

(the morning or the evening) the neighboring regions are located, one of which

for any reason is warmer than the other: we are not always able to separate

temporal changes from geographical. From the methodilogical point of view, it

would be more correct to obtain thermal charts of limited surface area for

different times of the day, but we did not have a free choice in this question.

For the:.given type of orbit, it was impossible to do this.

23



Heterogeneities on small scales (much smaller than:the field of view) occur

because of the fact that at night the temperatures are higher than in the

homogeneous models since at this time of the day the areas with an increased I

make the greatest contribution to thermal radiation,j and during the day the

relative contribution of these areas is smaller, and as a result the amplitude

for the day can turn out to be smaller. Horizontal heterogeneity of this type

is the cause of the fact that the values for I obtained at night and in the

evening will be greater than near mid-day. The values of I for Syrtis Major

of 27 December (0.008) and 16 February (0.004) can serve as examples. It is

doubtful that in the given case this differenceican be explained by the at-

mosphere, although this possibility cannot be fully ruled out (see Section 6).

This type of contradiction can be regarded rather as an indication of the

existence of significant heterogeneities on a small scale (no greater than 10-20

kilometers), and therefore it would be very important to increase spatial re-

solution in future experiments.

9. Comparison with the Results of Mariner-9

The preliminary report on the results of the infrared radiometric experiment

on Mariner-9 [45] became available to us after this work had already been /32

completed.

The temperatures measured in both experiments on dates near to each other

and in the same areas, as a rule, agree well. The conclusions coincide in their

basic details: the American authors also note the absenceof a correlation

between the albedo and thermal inertia, low surface temperatures during the

dust storms, and the lack of any sign of endogenic heat. In addition, since

they possess material which was considerably greater in volume, they observed

individual areas the thermal inertia of which was increased: the maximum value

of the constant I in these regions reaches 0.017 cal cm- 2 sec-1/2deg-1, and
this corresponds to an average particle size of approximately 5 mm. The lower

limits of the constant I in both series of measurements is the same as 0.004
'1 -2 -1/2

cal jdeg cm sec
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Figure 1. The Optical Diagram of a Radiometer.
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Figure 2. A Functional Electrical Diagram.
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Figure 3. A Directivity Diagram in Two Mutually.
Perpendicular Directions.
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Figure 4. A Band Pass Curve of a Filter: a)

Measured, b) Idealized (Accepted While Computingthe Calculated Calibration Curve and the Correction
For the Atmosphere).
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Figure 5. A Calibration Curve (the Output Signal
as a Function of Intensity Temperatures)- Measured
(a) and Calculated (b).
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Figure 6. The Position of the Measurement Paths of
Mars-3 on the Planet's Surface.
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Figure 7. Theoretical Temperatures Tb and T Computed

For the Paths of 9 January 1972 at Two Albedo Values
(A = 0.15 and 0.25) for Three Parameter Values (KPC)

-2
to the 1/2 Equals 0.004, 0.006, and 0.008 cal cm

sec deg, . The axis of the abscissa are Moscow
time G and the local solar time T which correspondm 1
to it, as well as latitude L and longitude X on Mars.
Emissitivity is E = 0.9.
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Figure 8. The Daily Course of Brightness Temperature
Tb at the Equator Calculated For Regions With an

Albedo of A = 0.25 and a Thermal Inertia of (KPC)

to the 1/2 Equals 0.006 cal cm 2 sec - 1 / 2  -
at 2 Emissitivity Values of E = 0.9 and 1.0.
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Figure 9. Brightness Temperature Tb and Kinetic

Temperature T For the Surface of Mars on the 15
s

December Session. Moscow time is on the axis of the
abscissas T local solar time on Mars is TI, latitude

is scrip S and longitude is X. Along themaxis'bf the
ordinat6s2to the left of Tb and Ts, on the right is

the flow accepted in the 8th to 40 p band in relative
units. The vertical hatching indicates the width
of the instrument profile of the radiometer (in
angular measurement it is constant, on the T scale

m
it is varied). The solid thick line is flow, Tb and

Ts after introducing corrections for the atmosphere

and the angular dependency of emissivity, the dotted
line is the measured flow (without correction) the thin
solid line is the brightness of Mars in the spectral
range around A = 1.4 p (reflected solar radiation).
The sections of the curve with numeral designation are
the temperatures which correspond to the calculated
model of the surface (the albedo A and the thermal

inertia I = (KPS)I / 2 are indicated).
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Figure 10. Tb and T on the 27 December Sessions.

Measured the same as Figure 9.
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Figure 11. Tb and Ts on the 9 January Session. Measured

the same as Figure 9. Individual details are indicated
for the profiles of 8-40 and 1.4 p which were mentioned
in the text.
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Figure 12. Tb and T on the 3 February Session.s

Measured the same as Figure 9.
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Figure 13. Tb and Ts on the 16 February Session.

The arrow indicates the photometric profile in anarrow spectral range around 3700 A. The other
symbols are the same as in Figure 9.
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Figure 14. Tb and T on the 28 February Session.

Legend the same a s in Figure 9.
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Figure 15. Density P and Thermal Inertia Parameter
I (in a vacuum) For Rocks of Various Types (According

'to the Data of [41]). A is the observed thermal
inertia, B is related to a vacuum.
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